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The present Letter describes the magnetocaloric effect of a diamagnetic material with a magnetic
field B‖ along the z axis and a transversal and oscillating field B⊥(≪ B‖) parallel to the x − y
plane. We show that the magnetocaloric potentials due to a change in B‖ is the same as those due
to a change in the frequency of B⊥. These results raise the possibility of building magnetocaloric
devices without moving parts, since changing frequency is a simple electronic issue, while changing
the field from permanent magnets depends on mechanical aspects.
The magnetocaloric effect (MCE) is an interesting
property in which magnetic materials, under a magnetic
field change, are able to exchange heat with a ther-
mal reservoir (in an isothermal process), or even change
its temperature (in an adiabatic process).1 This effect
is completely analogous to the compression-expansion
thermal-mechanical cycle, and therefore scientists hope
to build a thermo-magnetic machine in the near fu-
ture that can replace the current non-economical and
non-environmentally friendly Freon-based refrigerators.2
Thus, for the last few decades scientists have ex-
plored possible applications of this effect to temperatures
from the mK scale, e.g., an adiabatic demagnetization
refrigerator,3 up to room temperature, e.g., air condition-
ers and industrial/domestic fridges.4,5 Research on this
issue thus has two main branches: device engineering6
and magnetic material optimization.7,8
On the engineering side several devices have been
proposed,2,6 but all of them need a magnetic field source
such as a coil or a permanent magnet. Coils have seri-
ous disadvantages for achieving a magnetic field strong
enough for the magnetocaloric effect to be useful (at least
2 Tesla2), such as the need for liquid helium (for a su-
perconducting coil), or huge water-cooled current sources
(for a normal conducting coil). Thus, permanent mag-
nets have been proposed and used in recent prototypes
of magnetocaloric devices.9 However, the magnetocaloric
effect is due to a magnetic field change, so the use of a
permanent magnet requires some part(s) of the device to
move: either the refrigerant material or the permanent
magnet.10. It is therefore disadvantageous to use per-
manent magnets. As a consequence, most engineering
efforts to design a new device focus on how to manage
these moving parts.6
Material scientists, on the other hand, focus on coop-
erative magnetic ordering, especially magneto-structural
coupling because the magnetocaloric potentials are max-
imized near phase transitions.1 Thus, materials for mag-
netocaloric applications can only be ferro-, antiferro-,
ferri- or paramagnetic,2 while diamagnetic materials have
not been discussed until recently.11–16
From these last, thermodynamic properties oscillate
because of the crossing of the Landau levels through the
Fermi energy εF of an electron gas (which models a dia-
magnetic material). A well-known example is the de
Haas-van Alphen effect.17 Following this fact, we have
recently described in detail the magnetocaloric proper-
ties of diamagnetic materials11–16 and verified that they
oscillate and can be either inverse or normal, depending
on the value of the applied magnetic field change. Those
results open the door for new applications as described
in Ref. 11, namely in adiabatic demagnetization refrig-
erators and magnetic field sensors. This last proposal
is based on the fact that this oscillating effect is sensi-
tive to c.a. 1 mT with a very high magnetic field in the
background (c.a. 10 T), at low temperatures, c.a. 1 K.11
Following from the above, the aim of the present work
is to show that it is possible to produce a magnetocaloric
device without moving parts. For this purpose, we con-
sider a diamagnetic material with a constant applied
magnetic field B‖ along the z axis, and a transversal and
oscillating magnetic field B⊥ (≪ B‖), with frequency
ω, parallel to the x − y plane. We show therefore that
the magnetocaloric effect due to a magnetic field change
∆B‖ : 0 → B‖ is equivalent to the one with frequency
change∆ω : ω‖ → 0, where ω‖ is the resonance frequency
of the oscillating magnetic field with the Landau levels
of the diamagnetic material.
The starting point is the Hamiltonian of an electron
under a magnetic field:
H =
1
2m
(~p+ e ~A)2, (1)
where ~B = ~∇ × ~A. Considering first the magnetic field
along the z axis and, for simplicity, the Landau gauge,
we have
~B = B‖ kˆ ⇒ ~A = B‖x jˆ. (2)
Substituting Eq. (2) into Eq. (1) leads to a Schrödinger
equation in which the solution is a plane wave along the
z and y axes, while the Landau states depending on x.
The well-known eigenvalues are1
ǫ =
(
j +
1
2
)
~ω‖ +
~
2k2z
2m
where ω‖ =
eB‖
m
, (3)
where ~ω‖ is the separation between Landau levels, j
is the Landau level index, and kz = 2πnz/L (nz =
0, 1, 2, · · · ) is related to the translational symmetry along
2the z axis. Note that ω‖ is the cyclotron frequency for
this electrons gas.
Recently, the magnetocaloric potentials, i.e., magnetic
entropy change11 and adiabatic temperature change,12 of
this diamagnetic system were evaluated. To obtain these,
the entropy was first obtained via11,12
S(T,B‖) = S(T, 0) + S
o(T,B‖), (4)
where the first term represents the zero-field contribu-
tion, while the second one oscillates depending on the
reciprocal magnetic field 1/B‖.
The magnetic entropy change is then11
∆S(T,∆B) = S(T,B‖)− S(T, 0) (5)
= So(T,B‖)
= −NkB 3
2
(
1
n+ 1/4
)3/2
cos(nπ) T(x),
where
n =
εF
µBB‖
− 1
4
, (6)
T(x) =
xL(x)
sinh(x)
, and L(x) = coth(x)− 1
x
(7)
is the Langevin function. In addition,
x = π2t
(
n+
1
4
)
(8)
and t = kBT/εF ≪ 1. Above, εF stands for the Fermi
energy of the system. This last condition is imposed on
the evaluation of the grand partition function (see details
in Ref. 11). The condition is valid because the Fermi en-
ergy of metals is thousands of kelvins, much higher than
any laboratory temperature. Note that the magnetic en-
tropy change oscillates because of the cosine term, and
the oscillations depend on the reciprocal magnetic field
1/B‖. For a piece of gold (εF = 5.51 eV), n = 10
4 leads
to B‖ = 9.516 T and a normal MCE, while n = 10
4 + 1
leads to B‖ = 9.515 T and an inverse MCE. Note that
only 1 mT is enough to change the MCE from normal to
inverse. This effect is maximum at x = 1.6 and there-
fore for n = 104 and T = 1.04 K.11 At this temperature
and magnetic field, the magnetic entropy change is c.a.
2×10−5 J/kg-K. The same was found for graphenes, and
the entropy change is c.a. 5× 10−2 J/kg-K at 10 T and
109 K.11–16
The adiabatic temperature change ∆T∆B = Tf − Ti,
where the final state f is the one with applied magnetic
field B‖ and the initial state i has no applied field, was
also evaluated.12 The condition to obtain ∆T∆B is
S(Ti, 0) = S(Tf , B‖), (9)
where
S(T, 0) = NkB
π2
2
t (10)
and S(T,B‖) is given by Eq. (4). After a few steps
described in detail in Ref. 12, the adiabatic temperature
change is obtained:
∆T∆B = Ti
cos(nπ)√
n
. (11)
The present Letter thus goes further and adds an os-
cillating magnetic field transversal to the previous field,
considering B⊥ ≪ B‖. In the laboratory reference frame,
the total magnetic field applied to the electron gas is
~Bωl = B⊥
[
cos(ωt) iˆ+ sin(ωt) jˆ
]
+B‖ kˆ. (12)
However, it is easier to treat this problem by changing
the reference frame to one that rotates around the z axis
with angular frequency −ω and shares the origin with
the laboratory frame. This procedure is fundamental
to some resonant techniques such as nuclear magnetic
resonance.18 Thus, in the rotating frame, the magnetic
field becomes
~Bωr = B⊥ iˆ+
(
B‖ − ω/γ
)
kˆ, (13)
where γ = e/m. Note the special condition for ω =
ω‖ = γB‖ = eB‖/m (see equation 3), i.e., the applied
oscillating magnetic field is in resonance with the Landau
levels.
Using the Landau gauge as before, the vector potential
becomes
~Aωr =
(
B‖ − ω/γ
)
x jˆ +B⊥y kˆ. (14)
Substituting Eq. (14) into Eq. (1) leads to a Schrödinger
equation with a plane wave along the z axis as a solution,
while the Landau levels depending on x and y. Before
delving deeper into this general case, it is useful to discuss
the results of the Schrödinger equation at the resonance,
i.e., ω = ω‖. For this particular case, the solutions are
plane waves along the z and x axes, and the Landau
states change to become dependent on y. The eigenvalues
at the resonance are
ǫ =
(
j +
1
2
)
~ω⊥ +
~
2k2x
2m
where ω⊥ =
eB⊥
m
, (15)
and ~ω⊥ is the new separation between Landau levels.
It is interesting to note that the Landau states without
the transversal oscillating magnetic field depend on x and
then change to become dependent on x and y when the
transversal magnetic field is turned on. Then, at the res-
onance, those states change again and become dependent
on y.
Back to the case far from the resonance, the solution
of the Schrödinger equation is more easily obtained if the
magnetic field ~Bωr is axial. For this we need to rotate the
z − x plane by an angle
θ = arctan
(
B⊥
B‖ − ω/γ
)
. (16)
3Thus, in this new frame, the applied magnetic field is
~Bωa =
√
B2⊥ +
(
B‖ − ω/γ
)2
kˆ, (17)
and we obtain a problem with a well-known solution (de-
scribed in detail in Refs. 11 and 12, as well as earlier in
the present Letter). Thus, analogously to Eq. (4), the
magnetic entropy for the present case is
S(T,Bωa ) = S(T, 0) + S
o(T,Bωa ). (18)
The standard MCE depends on a magnetic field
change, and a magnetocaloric device therefore needs a
moving part: either the permanent magnet or the mag-
netic material needs to move. The consequences of these
moving parts are noise, energy consumption, complex de-
sign, and other undesired effects.
The main idea of the present Letter is therefore to
produce a magnetic entropy change due to a change in
the frequency of the transversal magnetic field, i.e., ∆ω :
ω‖ → 0. Thus
∆S(T,∆ω) = S(T,B0a)− S(T,B
ω‖
a ) (19)
= So(T,B0a)− So(T,B
ω‖
a ),
where B0a = B‖, i.e., B
0
a is the case without a transversal
oscillating magnetic field, and B
ω‖
a = B⊥ ≪ B‖, i.e., Bω‖a
is the case with a transversal oscillating magnetic field at
resonance ω = ω‖. Remember, this resonance occurs
when the oscillating magnetic field matches the Landau
levels. However, B⊥ is of the order of a few mT, while B‖
is of the order of 10 T. Thus, So(T,B‖)≫ So(T,B⊥)→
0, and
∆S(T,∆ω) = So(T,B‖) = ∆S(T,∆B). (20)
The above equation is our aim: the magnetic entropy
change due to a magnetic field change of ∆B : 0→ B‖ ≈
10 T is the same as the magnetic entropy change due to
frequency change ∆ω : ω‖ → 0 under a constant applied
magnetic field B‖. Note ω‖ is of the order of THz.
Similarly as before, the adiabatic temperature change
∆T∆ω = Tf − Ti due to a frequency change can also
be evaluated. For this case, the final state f is the one
without a transversal magnetic field, i.e., ω = 0, while
the initial state i is the one with a transversal oscillat-
ing magnetic field at the resonance, i.e., ω = ω‖. The
condition to obtain ∆T∆ω is
S(Ti, B
ω‖
a ) = S(Tf , B
0
a), (21)
which turns out to be
S(Ti, 0) = S(Tf , B‖). (22)
Note the above equation is the same as Eq. (9), and
therefore
∆T∆B = ∆T∆ω. (23)
Analogously to the magnetic entropy change, the adia-
batic temperature change due to a frequency change is
the same as that due to a magnetic field change.
It is important to emphasize that the magnetic en-
tropy change presented in this Letter comes from the
grand partition function (see details in Ref. 11). The re-
sults from the usual Maxwell relation would be the same
as those obtained here, since for the Maxwell relation
we would need to obtain either magnetization or specific
heat, which also comes from the grand partition function.
Summarizing, we considered diamagnetic materials
with a magnetic field B‖ along the z axis and a transver-
sal oscillating magnetic field B⊥ parallel to the x − y
plane. We verified that the magnetocaloric potentials
due to a magnetic field change are the same as those
due to a frequency change (from zero to the resonance
value). From the practical point of view, i.e., develop-
ing devices, this idea provides many benefits because fre-
quency change depends only on electronic issues instead
of mechanical designs. These results open the door for
future magnetocaloric devices without moving parts, and
analogous work needs to be done with ordered materials.
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